buffering capacity, that is, its ability to adapt to variable weather, insect, disease, weed, and soil conditions. Ways
lation.
In a second experiment, ten midseason-maturing cultivars were grown Smithson and Lenné (1996) reviewed the literature as pure lines and as all possible two-way blends. Grain yield was 3% greater (P Ͻ 0.05) and volume weight was 1% greater (P Ͻ 0.05) in on cultivar blends in many crops and concluded that blends than in pure lines in the early-maturity experiment; however, blends generally yield slightly more than pure lines, but pure line and blends did not differ in the midseason-maturity experitheir true benefits lie in disease control and stability.
ment. Blends had more stable (P Ͻ 0.05) yields than pure lines in
Blending can have significant positive effects on disease the early-maturity experiment only. Modified diallel analysis was used control (Mundt et al., 1995; Finkh and Mundt, 1992;  to partition the variation among two-way blends into general yielding Power, 1991) , and can reduce yield losses caused by ability (GYA) and true general competitive ability (TGCA) of each variability in soil quality (Trimble and Fehr, 1983) . The component genotype, and specific competing ability (SCA) interacusefulness of cultivar blends in oat, however, has not tion between blend components. General yielding ability variation been established definitively. Pfahler (1965) reported was significant, whereas variation for neither TGCA nor SCA was that a small sample of cultivar blends had greater yield significant. Oat genotype responses to blending were sufficiently consistent across blending partners that superior blends can be selected stability than the component pure lines. Frey and Malbased on pure-line evaluations of early-maturing cultivars. donado (1967) found that cultivar blends had significantly higher yields than their component pure-line cultivars only when in more stressful environments. Shorter and Frey (1979) , by contrast, found no difference be-O at hectarage in the USA has declined dramatitween blend and pure-line performance. cally since 1950 (USDA-National Agricultural
Comparisons of blends and pure lines can vary among Statistics Service, 1998). Inclusion of oat in crop rotasamples of cultivars because of genotypic variation for tions, however, can enhance species diversity on farms contributions to blend performance. Gizlice et al. (1989) and help to reduce weed and insect pests (Liebman used a modified diallel analysis to characterize specific and Dyck, 1993), increase soil quality and curb erosion genotypic contributions to blend response. In this analy- (Gantzer et al., 1991) , and stabilize farm incomes sis, variation among blends was partitioned into general (Brummer, 1998) . Because oat has value as feed for blending ability (GBA) and SCA variances. These effects livestock, in human nutrition, and as a partial remedy are analogous to the general and specific combining for many production problems, methods to increase and abilities estimated from diallel analyses of single-cross stabilize oat grain yields are needed.
hybrids in maize (Zea mays L.; Sprague and Tatum, To minimize the adverse effects of environmental 1942). Gizlice et al. (1989) demonstrated that if purestresses on yield, plant breeders have attempted to deline components are evaluated in the same experiment velop cultivars that will perform reliably well across as the blends, then GBA can be partitioned into two a range of years and sites (Evans, 1993; Allard and components, GYA and TGCA. The GYA represents Bradshaw, 1964 Ledingham) were rated twice at 1-wk intervals within the 2 wk for TGCA effects is lacking, then superior blends can be following mean heading date of all entries at Ames and Nashua identified simply on the basis of pure-line evaluations.
in both years. Ratings were based on a nine-point combined Whereas Shorter and Frey (1979) performed a diallel scale of incidence and severity (Holland et al., 1998) . Plots analysis of oat blends and found that SCA effects were were machine-harvested and grain yield (kg ha Ϫ1 ) and volume weight (kg m Ϫ3 ) were measured on every plot. not important, they did not partition GBA into GYA and TGCA to identify optimal breeding procedures for Statistical Analysis blends. Furthermore, most of the genotypes in their study were selected from the same population, resulting Analyses of variance for each trait within and across enviin a limited sample of the genetic diversity available for ronments were obtained using the SAS procedure general use in oat cultivar blends. Estimation of the relative linear models (GLM; SAS Institute, 1985) . Crossover genoimportance of GYA, TGCA, and SCA effects in a genettype-by-environment interactions were identified as instances in which the difference between two genotypes' mean values ically broader sample of modern oat cultivars is needed was significantly (P Ͻ 0.05) positive in at least one environto determine if blending current oat cultivars is warment and significantly negative in at least one other environranted to enhance productivity or stability and to idenment. A genotype's stability for yield and volume weight was tify the most efficient method of identifying superior estimated using Shukla's (1972) measure of genotype-by-enviblends.
We investigated the effects of blending modern oat cultivars on grain yield and volume weight means and
stabilities in two experiments. The objectives of these experiments were (i) to determine whether blend yields and volume weights were greater than those of pure
to compare yield stability of blends and pure lines, and (iii) to identify the genotypic sources of blend where response in oat cultivar blends with the goal of providing breeders with a method for selecting effective cultivar
[2] combinations.
and p is the number of genotypes, q is the number of environ-
MATERIALS AND METHODS
ments, X ij is the observed mean value of genotype i in environExperimental Design and Observations ment j, and X.. is the overall mean. Grain yield and volume weight adaptabilities over environments were measured using Two separate experiments were performed to evaluate Lin and Binns' (1988) superiority statistic, P i , which is deearly-maturing and midseason-maturing cultivars of oat. To fined as simplify the mechanical harvesting of plots, blends were developed by mixing cultivars of the same maturity class. In the first trial, five early-maturing cultivars (Dane, Don, Horicon, Sheldon, and Starter) were grown as pure lines, all possible
two-cultivar blends, and all possible three-cultivar blends for where X ij is the mean value of the ith cultivar grown in the jth environment, M j is the maximum mean response in the jth environment, and n is the number of environments tested. Sampling variances for P i and 2 i estimators were obtained with the jackknife procedure (Weir, 1996) . Average stability and superiority of blends and pure lines were compared using a one-way analysis of variance in SAS procedure GLM (SAS Institute, 1985) , in which the variation among entries within each group was used to test the significance of the mean differences.
Diallel analyses of yield and volume weight in both experiments were performed for blend response and blend performance per se according to Gizlice et al. (1989) . Models from Federer et al. (1982) were used to describe our results for blends:
and for pure lines:
[5]
In this model, Y hij is a mean value for a blend of genotypes i and j over replications at one environment, is the general mean effect, h is the hth environmental effect, i is the deviation of the ith pure-line genotype from the mean of all pure lines (two times GYA), ␦ i /2 is the TGCA of the ith genotype (in blends), ␥ ij is the SCA of genotypes i and j when grown together, and ε hij is a genotype-by-environment interaction effect. TGCA effects were estimated from the analysis of blend response. The genotype-by-environment effect was further partitioned into GYA-by-environment, TGCA-by-environment, and SCA-by-environment effects. Mean squares for each effect were calculated using the SAS procedure GLM (SAS Institute, 1985) . Mean separations were based on Fisher's protected LSD at P Ͻ 0.05.
RESULTS AND DISCUSSION Effects of Blending on Grain Yield and Volume Weight
Average grain yields and volume weights varied among the eight environments (Table 1) . Highest yields were observed at Ames in 1999, with average yields of 4248 kg ha Ϫ1 for the early-maturity experiment and 4787 kg ha Ϫ1 for the midseason-maturity experiments. The environment with the lowest yields was Crawfordsville in 1998, where the average yields were only 1867 kg ha Ϫ1 in the early-maturity experiment and 1762 kg ha Ϫ1 in the midseason-maturity experiment. Mean volume weights ranged from 433 to 464 kg m Ϫ3 and 450 to 551 kg m Ϫ3 across environments in the early and midseason-maturity experiments, respectively. Crown rust infection was observed in all environments, but disease reaction scores did not differ among pure-line cultivars in any environment in which they were measured. Thus, it is unlikely that crown rust resistance contributed to blend responses in this study.
Mean blend response averaged over environments was positive in the early-maturity but not the midseasonmaturity experiment (Tables 1-5 ). It is not obvious why blend responses were observed in the early-maturity but not the midseason-maturity cultivars. This result may be due to sampling different genotypes in the different experiments, or may indicate that intra-genotypic com- petition for resources is stronger than inter-genotypic experiment (Tables 1-5 ). The entry with the highest ranking for volume weight in the early-maturity expericompetition when plants mature more quickly.
Within environments, mean blend yields were less ment was a pure line, Starter (Table 2 ), but Starter was not different than the highest ranked blend, Horicon/ than mean pure-line yields at Nashua in 1999 in the midseason-maturity experiment. Mean blend yields were Starter. In the midseason-maturity experiment, the pure line with the highest volume weight, Jerry, was not difgreater than mean pure-line yields at Ames and Nashua in 1998 for the early-maturity experiment, and at Crawferent from the best blends, Blaze/Jerry and Jerry/Premier (Table 3) . In both experiments, the blend with fordsville in 1999 for the midseason-maturity experiment. Mean percentage blend response and environthe highest volume weight included the best pure line, suggesting that blend performance was largely determent mean yield (Table 1) were negatively correlated in the early-maturity experiment (r ϭ Ϫ0.72, P Ͻ 0.05), mined by pure-line performance. Because the highestranked entries for volume weight in both experiments congruent with Frey and Maldonado's (1967) finding that oat blending response increased in more stressful were pure-line cultivars, and because grain uniformity may be important to farmers who market their grain environments. In the early-maturity experiment, the greatest-yielding pure line, Dane, had grain yield equal for milling for human consumption, blending may have unfavorable effects on volume weight. Farmers wishing to the greatest-yielding blend, Dane/Sheldon ( Table 2) . The highest-ranking entry in the midseason-maturity to use blends should grow cultivar blends that will produce sufficient grain uniformity to satisfy their marketexperiment was a blend (Chaps/Jim), but it was not different than the best pure line (Chaps) ( Table 3) .
ing needs. Two-and three-component blend yields and volume These results suggest that oat cultivar blends may provide buffering against stressful environments and proweights were compared in the early-maturity experiment. No difference existed between the two types of vide a low-risk opportunity for slightly greater grain yields, if appropriate cultivar mixtures are chosen.
blends for either grain yield or volume weight (Tables  2 and 4 ). The mean yields of two-and three-way blends Averaged over environments, blend volume weights were greater than pure-line volume weights in the earlywere 3321 and 3356 kg ha
Ϫ1
, respectively, and the mean volume weights of two-and three-way blends were 476 maturity experiment, but not in the midseason-maturity Blaze  74  3868  19  81  508  84  282  Burton  76  3262  98  62  485  266  198  Chaps  74  3950  13  30  482  276  124  Jerry  74  3278  111  67  531  2  37  Jim  74  3885  21  49  496  169  209  Newdak  75  3077  157  142  470  409  342  Ogle  75  3546  60  100  465  498 response to environments may be very stable, but if it is consistently lower yielding, it is not useful to the cultivar has a general blending ability that is significantly producer. Lin and Binns' (1988) adaptability parameter better or worse than others. The average of cultivar (P i ) compares the yields of test cultivars with the great-TGCA effects is equal to half the mean blend response. est-yielding cultivar within each location in the experi-
The significance of blend response in the early-maturity ment, rather than with the mean yield of all cultivars. experiment indicates that the mean TGCA effect of Smaller values of P i reflect greater adaptability of an early-maturity cultivars was greater than zero; nevertheentry across environments. The difference between less, there was no significant variation among cultivar Shukla's stability variance and Lin and Binn's adaptabil-TGCA effects. This implies that while early-maturity ity parameter is demonstrated by their correlations with cultivars in general responded positively to blending, mean yield in this study. In the midseason-maturity exthe positive blend response was sufficiently consistent periment, Shukla's variance had no correlation with among cultivars that superior blend components can be mean yield (r ϭ Ϫ0.039, P ϭ 0.78), demonstrating that selected efficiently on the basis of pure-line evaluations. a cultivar's yield potential has little to do with its stabilTesting of oat blends is not necessarily required to idenity. Lin and Binns' adaptability parameter, however, tify superior blend components. Further evidence of this was highly negatively correlated with grain yield (r ϭ was that the significant pure-line GYA and GBA effects Ϫ0.964, P Ͻ 0.0001) because the adaptability parameter for grain yield and volume weight in the early-and measures the magnitude as well as the consistency of midseason-maturity experiments (Tables 6 and 7) were yield across environments. Blends were significantly highly correlated (r ϭ 0.85, P Ͻ 0.01 for effects on yield better adapted than pure lines on average, according to in the early-maturity experiment, and r ϭ 0.95, P Ͻ Lin and Binns' adaptability parameter for yield in the 0.0001 for effects on yield in the midseason-maturity early-maturity trial, but were not different than pure experiment). Finally, blends of the greatest-yielding lines in the midseason experiment (Tables 2 and 3) . pure lines within each experiment (Dane/Horicon in
